Bacteria are able to adapt to dramatically different microenvironments, but in many organisms, the signaling pathways, transcriptional programs, and downstream physiological changes involved in adaptation are not well-understood. Here, we discovered that osmotic stress stimulates a signaling network in Mycobacterium tuberculosis regulated by the eukaryotic-like receptor Ser/Thr protein kinase PknD. Expression of the PknD substrate Rv0516c was highly induced by osmotic stress. Furthermore, Rv0516c disruption modified peptidoglycan thickness, enhanced antibiotic resistance, and activated genes in the regulon of the alternative σ-factor SigF. Phosphorylation of Rv0516c regulated the abundance of EspA, a virulence-associated substrate of the type VII ESX-1 secretion system. These findings identify an osmosensory pathway orchestrated by PknD, Rv0516c, and SigF that enables adaptation to osmotic stress through cell wall remodeling and virulence factor production. Given the widespread occurrence of eukaryotic-like Ser/Thr protein kinases in bacteria, these proteins may play a broad role in bacterial osmosensing.
environmental sensing | extracellular osmolarity | transcriptional regulation | type VII secretion B acteria are notoriously adaptive to conditions of environmental stress and antibiotic challenge (1, 2) . The bacterial response to extracellular signals relies on diverse transcriptional regulators. The best characterized of these regulators are twocomponent systems (TCSs) and alternative σ-factors (3-6). Although TCSs are widely distributed among prokaryotes and eukaryotes, alternative σ-factors are found only in bacteria (3, 5) .
TCSs consist of a membrane-associated sensor histidine kinase and a cognate response regulator, which typically alters gene expression following its phosphorylation by the sensor kinase (3) . Alternative σ-factors (also known as extracytoplasmic function σ-factors) regulate transcription by binding RNA polymerase and recruiting it to specific promoters (5). This activity is tightly controlled by anti-σ-factors, which bind cognate σ-factors and prevent their association with RNA polymerase (7, 8) . A third group of proteins, the anti-anti-σ-factors, facilitate dissociation of this inhibitory complex by binding the anti-σ-factor (9) . In turn, some anti-σ-factors have been shown to phosphorylate the anti-anti-σ-factor on a conserved serine or threonine residue, liberating the anti-σ-factor for another round of protein-protein interactions (10, 11) . This phosphorylation is reversed by an environmental phosphatase, which is itself regulated by a separate set of anti-σ-and anti-anti-σ-factor homologs (11) .
Less well-understood are the receptor Ser/Thr protein kinases (STPKs). These receptor kinases are important mediators of environmental sensing in eukaryotes (12) (13) (14) . Genome sequencing has revealed that eukaryotic-like STPKs are widespread in bacteria, but with few exceptions, the specific biological functions of these kinases are undefined (15) . As in eukaryotes, they may play a critical role in environmental sensing and downstream signaling.
Eukaryotic-like STPKs have been most extensively studied in Mycobacterium tuberculosis (Mtb), the bacterial pathogen that causes tuberculosis (16) (17) (18) . Of 11 Mtb STPKs, the best described is PknB, which is believed to regulate cell wall biosynthesis and cell division (19) (20) (21) . The extracellular domain of PknB binds peptidoglycan (PG)-derived muropeptides (22) , and the kinase exerts downstream effects on cell wall synthesis, cell shape, cell division, transcription, and translation (20, 23, 24) . Similarly, the homologous Bacillus subtilis STPK PrkC has been shown to bind muropeptides that induce the germination of dormant spores, most likely by stimulating the PrkC-dependent phosphorylation of a ribosomal GTPase (25) (26) (27) . Beyond this example, however, the precise environmental signals that trigger STPK signaling in bacteria are unknown, and the downstream processes regulated by these kinases are poorly defined.
Here, we discovered that osmotic stress stimulates a signaling pathway in Mtb regulated by the receptor STPK PknD. Our focus on osmotic stress was motivated by the fact that Mtb adapts to changes in environmental osmolarity as it transitions between airborne droplet nuclei, mucosal epithelia, alveolar macrophages, necrotic cells, and caseous granulomas (28) . Osmotic fluctuations alter turgor pressure, which can impair protein folding and metabolic activity (29) . Bacteria typically counteract such fluctuations through the compensatory accumulation or expulsion of compatible solutes that restore osmotic balance to the cell (30) . In addition, several bacterial pathogens have virulence-associated osmosensory mechanisms that are triggered at the transcriptional level, typically through TCSs (29, (31) (32) (33) . We sought to determine whether Mtb mounts an analogous response that might lead to physiological adaptations relevant to pathogenesis.
Significance
Osmotic stress is one of many environmental hazards encountered by bacteria during the course of infection, but our understanding of how bacteria perceive and respond to changes in extracellular osmolarity is still incomplete. We show that Mycobacterium tuberculosis, the pathogen that causes tuberculosis in humans, responds, in part, through an osmosensory pathway regulated by the Ser/Thr protein kinase (STPK) PknD. Our work demonstrates that increasing extracellular osmolarity induces expression of a PknD substrate that regulates bacterial transcription, cell wall remodeling, and virulence factor production. Because STPKs are prevalent in bacteria, these proteins may play a broad role in bacterial osmosensing.
By transcriptional profiling, we found that a PknD substrate, Rv0516c (34) , is highly up-regulated by osmotic stress. Disruption of Rv0516c, which encodes an anti-anti-σ-factor homolog, modified PG thickness, enhanced antibiotic resistance, and activated genes in the SigF regulon. Furthermore, phosphorylation of Rv0516c by PknD was required to sustain WT levels of the secreted virulence factor EspA, a substrate of the ESX-1 secretion system. We conclude that PknD, Rv0516c, and SigF constitute an osmosensory signaling pathway that regulates PG architecture and EspA abundance. This signaling pathway is a direct demonstration of a transcriptional response to environmental stress mediated by a bacterial STPK. The regulation of SigF activity by PknD after an increase in extracellular osmolarity defines a transcriptional circuit in which environmental sensing by a eukaryoticlike receptor converges with a fundamentally prokaryotic transcriptional regulatory system.
Results
Osmotic Stress Elicits a Significant Transcriptional Response from Mtb.
To identify mediators of the Mtb osmotic stress response, we determined the global transcriptional profile of Mtb after an increase in extracellular osmolarity of ∼280 mOsm/L, which is comparable with the osmolarity of human plasma (35) . We reasoned that Mtb might encounter a similar increase in extracellular osmolarity during the course of infection. Bacteria were grown in a chemically defined culture medium (details in SI Materials and Methods) and treated with 140 mM NaCl (∼280 mOsm/L) for 1 h to determine changes in bacterial transcription relative to an untreated control (National Center for Biotechnology Information/Gene Expression Omnibus accession no. GSE50159).
Over 100 induced genes were identified in our microarray analysis (Table 1) , many from the same operons. Notably, the entire arg operon, which is required for the de novo biosynthesis of L-arginine (37) , was induced by osmotic stress. Arginine has been associated with hyperosmotic stress tolerance in yeast (38) , suggesting that it may play an osmoprotective role in Mtb. The Rv3616c-Rv3614c operon, which encodes components of the virulence-associated ESX-1 secretion system (39-41), was also up-regulated, along with several genes involved in sulfur metabolism (e.g., cysA3, csd, and sirA) and ribosomal assembly (e.g., genes from the rps and rpl operons). These findings imply that increasing osmolarity can activate a unique transcriptional program in Mtb that may influence bacterial virulence and facilitate survival during infection. Of note, a subset of induced genes from DNA microarray analysis was used to identify Mtb genes significantly induced after 1-h exposure to 140 mM NaCl. Arrays from four biological replicates were analyzed using the Significance Analysis of Microarrays (SAM) program (36) . Genes having a mean log 2 fold change of one or greater with an SAM-assigned false discovery rate value (i.e., q value) of <0.06% were deemed significant. Gene names were obtained from TubercuList (http://tuberculist.epfl.ch/) and the J. Craig Venter Institute Comprehensive Microbial Resource (http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi).
our analysis was also up-regulated after treatment with 250 mM NaCl for 4 h in a recent microarray study by Tan et al. (42) .
Osmotic Stress Induces Rv0516c Expression. The most highly induced gene in our microarray analysis, Rv0516c, encodes a hypothetical protein of previously unknown function. To determine whether the enhanced transcription of Rv0516c under osmotic stress correlates with an increase in protein expression, we designed a construct encoding Rv0516c with a C-terminal 3xDDDDK tag (Rv0516c::Tn + pRv0516c). We placed this construct under direct control of the native Rv0516c promoter by deleting the Hsp60 promoter of plasmid pMV261 and inserting the 1,000-bp region immediately upstream of the Rv0516c gene. Immunoblotting revealed a sharp increase in Rv0516c expression after the addition of 140 mM NaCl (Fig. 1A) . Similar expression levels resulted from treatment with two other osmolytes, KCl and sucrose, at concentrations corresponding to an equivalent increase in culture osmolarity (i.e., ∼280 mOsm/L). These findings confirm that osmotic stress induces Rv0516c expression in Mtb.
We subsequently asked whether the Rv0516c promoter could enhance the expression of a reporter gene in response to increasing osmolarity. We quantified the fluorescence of Mtb expressing the gfp gene under control of the Rv0516c promoter after the addition of NaCl, KCl, or sucrose at equal osmolarity. In all cases, osmolyte addition increased GFP fluorescence by roughly the same amount relative to the untreated control (Fig. 1B) . Overall, these findings suggest that the Rv0516c promoter contains an osmotically sensitive regulatory region.
Rv0516c Disruption Enhances Resistance to Osmotic Stress. Given the strong induction of Rv0516c by osmotic stress, we reasoned that the encoded gene product might influence the physiological response of Mtb to increasing osmolarity. To explore this possibility, we compared the growth kinetics of an Rv0516c mutant (Rv0516c::Tn) with WT and complemented strains of Mtb after hyperosmotic shock with 0.5 M NaCl. Surprisingly, we discovered that Rv0516c::Tn was more resistant to increasing osmolarity than WT Mtb. The growth kinetics of the mutant strain were unaffected by NaCl treatment, whereas the WT strain exhibited an apparent decline in bacterial replication ( Fig. 2 A and B) . Complementation of the mutant strain with a plasmid expressing Rv0516c under its native promoter restored WT growth kinetics in the presence of 0.5 M NaCl. However, we were unable to distinguish whether the apparent growth attenuation of the WT and complemented strains was the result of reduced bacterial replication or bacterial clumping, because both strains tended to aggregate after NaCl addition (Fig. 2C) . In contrast, the mutant strain remained relatively well-suspended in the culture medium, suggesting a change in cell wall structure. Rv0516c::Tn also exhibited enhanced growth kinetics in the absence of NaCl treatment (Fig.  2B ). Despite this growth advantage in vitro, however, the mutant strain was comparable with WT Mtb with respect to killing THP-1 macrophage cells (Fig. S1 ).
Rv0516c Disruption Increases Resistance to Several PG Biosynthesis
Inhibitors and Also Decreases PG Thickness. The enhanced resistance of the Rv0516c mutant to osmotic stress suggested that Rv0516c might affect cell wall integrity. Accordingly, we evaluated the sensitivity of the mutant strain to various forms of cell wall stress. We determined the minimal inhibitory concentrations (MICs) of isoniazid (an inhibitor of fatty and mycolic acid biosynthesis) (43) , SDS, and the PG biosynthesis inhibitors D-cycloserine and vancomycin (Fig. 2D) . Vancomycin was the only compound that exhibited a different MIC for the mutant strain; the MIC was fourfold higher for Rv0516c::Tn than WT or complemented Mtb. Strikingly, the cfus produced by Rv0516c::Tn after incubation with 1.5 μg/mL vancomycin exceeded the cfus of the WT strain by approximately three orders of magnitude, whereas complementation conferred WT cfu levels (Fig. 2E) . In contrast, D-cycloserine, which blocks PG biosynthesis by inhibiting D-/L-alanine racemase as well as D-alanine:D-alanine ligase (44), was equally effective at suppressing growth of the WT and mutant strains (Fig. 2D ). These data suggest that Rv0516c may regulate a late stage of PG assembly that is inhibited by vancomycin. To further explore this hypothesis, we tested two β-lactam antibiotics, penicillin and ampicillin, that block the formation of peptide cross-links in PG. We observed a two-and threefold increase in the MICs of penicillin and ampicillin, respectively, for Rv0516c:: Tn relative to WT Mtb in the presence of 5 μg/mL clavulanic acid, a β-lactamase inhibitor (Table S1 ) (45) . Taken together, these data suggest that Rv0516c may modulate PG cross-linking or alternatively, increase Mtb susceptibility to these antibiotics by enhancing drug access to the cell wall.
The link between Rv0516c and PG biosynthesis suggested by our MIC data led us to consider a role for the gene in modulating PG structure. Using transmission EM (TEM), we measured the PG thickness of WT, Rv0516c::Tn, and complemented cells. The average PG thickness of the mutant strain was ∼25% less than the average PG thickness of the WT strain, a phenotype partially reversed by complementation (Fig. 2 F and G) . Notably, our measurements for PG thickness of WT Mtb are comparable with previously reported values (46) .
Rv0516c Suppresses the Transcriptional Response to Osmotic Stress
by Regulating SigF. To determine how Rv0516c might influence Mtb physiology and cell wall architecture in response to osmotic stress, we searched for sequence-based functional clues. Bioinformatics provided the first indication that Rv0516c might operate in a transcriptional capacity, because it shares significant homology with SpoIIAA, an anti-anti-σ-factor from B. subtilis (Fig. 3A) (47) . Encouragingly, Rv0516c was previously shown to interact with the Mtb alternative σ-factor SigF in a yeast twohybrid assay (48) , and SigF has been implicated in regulating cell Rv0516c expression in Mtb after treatment with 140 mM sodium chloride (NaCl), 140 mM potassium chloride (KCl), 280 mM sucrose (Suc), or no osmolyte for 3 h. GroEL, an intracellular molecular chaperone, was detected as a loading control. (B) Mean fluorescence intensity of Mtb expressing GFP under the control of the Rv0516c promoter after treatment with 140 mM NaCl, 140 mM KCl, 280 mM Suc, or no osmolyte for 2 d. These data represent the mean ± SD of three independent cultures. P < 0.02 for all conditions relative to control (i.e., no osmolyte).
wall composition and morphology (49, 50) . Indeed, Rv0516c itself is transcriptionally regulated by SigF (49) , and RT-PCR analysis has previously shown that Rv0516c transcript levels increase after NaCl treatment (51), which is consistent with our microarray data. Moreover, the promoter region of Rv0516c, which is sufficient to induce GFP expression in response to osmotic stress (Fig. 1B) , contains elements of the SigF recognition motif (49) . Therefore, we postulated that osmotic stress activates SigF-mediated transcription, which is, in turn, regulated by Rv0516c expression.
We compared the transcriptional profiles of Rv0516c::Tn and WT Mtb after NaCl treatment (Table 1 and Datasets S1-S3) and discovered that many genes were more up-or down-regulated by osmotic stress in the mutant strain (Datasets S4 and S5) (National Center for Biotechnology Information/Gene Expression Omnibus accession no. GSE50160). Notably, transcription of the arg and Rv3616c-Rv3614c operons, which comprise some of the most highly induced genes from the WT strain, increased approximately two-to fourfold in Rv0516c::Tn (Fig. 3B) . These findings suggest that Rv0516c disruption enhances the transcriptional response of Mtb to osmotic stress. Thus, despite the predicted structural homology of Rv0516c to SpoIIAA, the transcriptional profile of Rv0516c::Tn is more consistent with the transcriptional profile of a σ-factor antagonist mutant. As well, we identified several SigF-regulated genes (49, 50, 52) that were more highly induced in the Rv0516c mutant (Table 2 ). These data also support a role for Rv0516c in inhibiting SigF activity. Given the significant influence of Rv0516c on the transcriptional and physiological responses of Mtb to osmotic stress, we have renamed this protein osmosensory protein A (OprA).
Phosphorylation of OprA by PknD Is Required for oprA Induction in Response to Osmotic Stress. We next sought to identify the mechanism by which OprA expression responds to changes in extracellular osmolarity. Because phosphorylation of anti-and anti-anti-σ-factors is a well-established mechanism of alternative σ-factor regulation (10, 11, 24) , we hypothesized that phosphorylation of OprA might affect its expression. Interestingly, transcription of oprA and other SigF-regulated genes is altered by overexpression of the membrane-associated STPK PknD (34) . Furthermore, PknD has been shown to directly phosphorylate OprA at Thr2 in Mtb (34) . We considered the possibility that transcription of oprA is modulated by phosphorylation of the corresponding protein. If so, phosphorylation of OprA may be required for its transcriptional activation by osmotic stress.
To explore this possibility, we expressed a phosphorylationdeficient (T2A) variant of OprA under the control of the native promoter in the mutant strain (oprA::Tn + poprA-T2A). Compared with expression of the WT protein, expression of the T2A OprA mutant reduced oprA induction in response to osmotic stress (Fig. 3C, compare lanes 3 and 7) . In a complementary experiment, we observed that treatment of cells with a PknDselective small-molecule inhibitor (34) blunted expression of OprA under osmotic stress (Fig. 3C, compare lanes 3 and 4) . These data suggest that PknD phosphorylation on Thr2 inactivates OprA and stimulates SigF-dependent expression of oprA in response to increasing osmolarity.
We also considered whether phosphorylation, in addition to activating OprA expression, might mediate a direct interaction between OprA and SigF. Indeed, other alternative σ-factor binding proteins have been shown to interact with their targets in a phosphorylation-dependent manner (10, 53) . Using affinity chromatography and SDS/PAGE analysis, we sought to determine whether OprA, in either a phosphorylated or unphosphorylated state, binds to SigF in vitro (SI Materials and Methods). However, we were unable to detect robust complex formation, suggesting that these proteins interact transiently or that their connection is indirect and involves additional proteins. Alternatively, OprA could be an upstream regulator of SigF activity. DNA microarray analysis was used to identify Mtb genes that were significantly induced or repressed in WT Mtb strain CDC1551 and Rv0516c::Tn after a 1-h exposure to 140 mM NaCl. Arrays from four biological replicates were analyzed using SAM (36) . Genes having a mean log 2 fold change of one or greater with an SAM-assigned q value of <0.06% were deemed significant. Genes that were more highly induced in Rv0516c::Tn than WT Mtb (fold change ≥ 2) and have previously been shown to be regulated by SigF are summarized here. *Gene annotations and descriptions were obtained from TubercuList (http://tuberculist.epfl.ch/) and the J. Craig Venter Institute Comprehensive Microbial Resource (http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi).
† Fold change increase in gene expression in Rv0516c::Tn relative to WT. ‡ Up-regulated in both WT and Rv0516c::Tn.
OprA and PknD Selectively Regulate Expression and Secretion of the
Type VII ESX-1 Effector Protein EspA. Rv3616c, another gene induced by osmotic stress, encodes a virulence-associated substrate of the type VII ESX-1 secretion system, EspA (40, 54) . EspA has been proposed to enhance cell wall integrity (54) and may be protective against conditions of osmotic stress. As well, espA resides in the same operon as the SigF-regulated gene Rv3615c (49, 55), which itself is induced by osmotic stress (Table 1) . Therefore, we explored the relationship between EspA and increasing osmolarity in more detail. We evaluated EspA levels in WT Mtb cell lysates and observed a marked increase in EspA abundance after NaCl treatment (Fig. 4A) . Interestingly, expression of ESAT-6, another substrate of the ESX-1 secretion system, was unaffected by osmotic stress. An increase in EspA but not ESAT-6 levels was also observed on exposure of Mtb to other osmolytes (Fig. S2) , suggesting that osmotic stress has a differential effect on the abundance of ESX-1 substrates.
Because espA was induced more by osmotic stress in the oprA mutant, we hypothesized that OprA might influence EspA expression. To investigate this possibility, we compared EspA expression and secretion in oprA::Tn vs. WT Mtb in the presence or absence of osmotic stress. Although espA was still induced by NaCl treatment in oprA::Tn, EspA secretion was substantially diminished (Fig. 4A) . Remarkably, this phenotype was independent of culture osmolarity and specific to EspA, because no change in ESAT-6 secretion was observed in the mutant strain, despite the codependent secretion of these proteins (40, 54, 56) .
Furthermore, we observed a sharp decrease in EspA expression in the absence of OprA phosphorylation at Thr2 (Fig. 4B) , whereas ESAT-6 levels remained unchanged. The apparent link between OprA phosphorylation and EspA expression prompted us to evaluate whether inhibition of PknD activity might also correlate with reduced EspA levels. As anticipated, treatment with the selective PknD inhibitor (34) diminished EspA expression in both the presence and absence of osmotic stress (Fig. 4C) . Moreover, PknD inhibition seemed to reduce EspA secretion, particularly in response to NaCl treatment. Again, the expression and secretion of ESAT-6 were unaffected by exposure to osmotic stress or treatment with the PknD inhibitor. In sum, these findings suggest that OprA and PknD selectively regulate EspA expression and secretion.
Discussion
In light of these data, we propose a model for an osmosensory pathway that regulates Mtb adaptation to osmotic stress (Fig. 5) . The pathway commences with PknD, which is activated by an increase in extracellular osmolarity and subsequently, phosphorylates OprA on Thr2. OprA phosphorylation enables SigF binding to RNA polymerase, which promotes transcription of oprA, espA, and other genes associated with changes in Mtb cell wall structure and metabolism. SigF activation could occur indirectly by regulation of an environmental phosphatase that controls alternative σ-factors (34) or directly by release from a noncanonical OprA complex (Fig. 5) (48) . Although induction of oprA by osmotic stress seems contrary to the encoded protein's inhibition of SigF activity, such negative feedback is likely required to prevent prolonged induction of energetically taxing metabolic pathways (e.g., protein biosynthesis) and immunogenic virulence factors (e.g., EspA) (54) that may compromise bacterial survival in the host.
The OprA osmosensory pathway, with its dependence on both an STPK family member and an alternative σ-factor, stands apart from previously characterized bacterial responses to environmental stress. TCSs, the primary agents of stress-induced signal transduction in bacteria, typically comprise a single membraneassociated histidine kinase and cytosolic response regulator (3). Some TCSs have been shown to respond to osmotic stress (29-31, 57, 58) , and a few of these systems are thought to have counterparts in Mtb (59, 60) . Alternative σ-factors have also been shown to modulate bacterial transcription in response to diverse environmental cues and are often regulated by anti-σ-factors with kinase activity (7, 61) . By contrast, the OprA osmosensory pathway represents a fundamentally unique transcriptional circuit, in which a eukaryotic-like STPK stimulates gene expression by regulating alternative σ-factor activity in response to osmotic stress. As a result, this pathway merges eukaryotic and prokaryotic mechanisms of signal transduction, establishing a unique paradigm for bacterial detection of environmental stress.
Although these studies suggest that osmotic stress activates PknD, the biochemical basis of this response remains unknown. Osmolytes may induce a change in the extracellular domain of PknD (62, 63) that stimulates the intracellular kinase domain. Alternatively, PknD may be particularly sensitive to the membrane destabilizing effects of osmotic stress, which could trigger kinase activation. A third possibility is that increasing osmolarity promotes the release of PG fragments that may bind to and activate PknB, which has been shown to phosphorylate the kinase domain of PknD (64) .
Despite the predicted structural homology between OprA and the anti-anti-σ-factor SpoIIAA, our data are more consistent with classification of OprA as an SigF antagonist. First, OprA seems to repress several genes regulated by osmotic stress and/or SigF ( Fig. 3B and Table 2 ) that may be protective against increasing osmolarity and inhibitors of PG biosynthesis. For example, osmotically activated genes that facilitate protein translation or folding or mitigate oxidative stress are more highly induced on oprA disruption (Table 2 and Dataset S4). Furthermore, pbpB (Rv2163c), a putative transpeptidase involved in PG biosynthesis, and amiC (Rv2888c), a putative PG hydrolase involved in septal cleavage, are only up-regulated by osmotic stress in the oprA mutant (Dataset S4). These genes may contribute to the improved antibiotic resistance and markedly reduced PG thickness of the mutant strain (Fig. 2 E and G) . Second, PknD overexpression stimulates OprA phosphorylation and SigF-dependent transcription (34) . Our proposed model is consistent with the regulatory framework in which OprA antagonizes SigF, because phosphorylation of OprA relieves inhibition of SigF activity. Third, unlike the SpoIIAA phosphorylation site, which is at the base of an α-helix in a highly structured region of the protein (65), the OprA phosphorylation site occurs in a presumably unstructured N-terminal region that is excluded from the SpoIIAA-derived homology model (Fig. 3A) . Our results reveal that this phosphorylation functionally inhibits OprA.
The biochemical effect of OprA phosphorylation remains an open question. Phosphorylation may directly modulate the binding of OprA to other proteins or stabilize the unstructured N-terminal region of OprA, thereby preventing premature proteolytic degradation. PknB-dependent phosphorylation of RseA, the anti-σ-factor of SigE, has been shown to stimulate RseA proteolysis by ClpC in M. smegmatis (66) . In Mtb, the transcriptional regulator ClgR (Rv2745c) induces transcription of the clpC operon (67, 68) . Interestingly, ClgR is up-regulated by osmotic stress ( Table 1 ), suggesting that a similar proteolytic mechanism may control OprA activity.
OprA may interact with a complex network of proteins to integrate the bacterial response to osmotic stress. For example, OprA has been shown to bind another anti-anti-σ-factor homolog, Rv2638 (34, 48) . This interaction is blocked in vitro by OprA phosphorylation (34) . Typically, members of this protein family either directly regulate anti-σ-factors (9) or the environmental phosphatase that antagonizes anti-σ-factor activity (11) . However, only those homologs that regulate the environmental phosphatase have been shown to interact with each other (69) . In B. subtilis, these regulators form a multiprotein complex called the stressosome (70) . OprA and Rv2638 may be part of a similar complex in Mtb that indirectly stimulates SigF activity through regulation of an environmental phosphatase. Alternatively, Rv2638 could serve as an intermediary between different SigF-associated regulators. A previously characterized anti-anti-σ-factor of SigF, RsfA (71) , and the cognate anti-σ-factor, UsfX (72), seem to interact with Rv2638 but not OprA in a yeast two-hybrid assay (48) . These proteins may form a noncanonical complex with OprA that controls SigF activity. Other osmotically induced transcription factors (e.g., WhiB1 and ClgR) ( Table 1 ) may also play a role in regulating bacterial osmoadaptation independent of OprA.
In sum, our data implicate OprA as the nexus of an Mtb osmosensory pathway. As well, we discovered a role for PknD in adaptation to osmotic stress, linking this STPK family member to specific transcriptional and physiological responses. Finally, we have shown the selective environmental regulation of a type VII ESX-1 substrate. The complex network of proteins comprising the OprA pathway may represent opportunities for modulating the cell wall structure and antibiotic susceptibility of this global human pathogen. Notably, growth of Streptococcus pyogenes in high salt concentrations is STPK-dependent, suggesting an osmosensory role for another bacterial receptor kinase (73) . Given the widespread occurrence of eukaryotic-like STPKs in prokaryotes, these receptors may also contribute to osmosensing in other organisms.
Materials and Methods
Bacterial Strains and Plasmids. Tables S2-S4 contain complete lists of the strains, plasmids, and primers, respectively, used in this study. Details of plasmid construction can be found in SI Materials and Methods. Mtb strains CDC1551 and Rv0516c::Tn, a CDC1551 mutant with a Himar1 transposon insertion after the first 101 bp of the Rv0516c gene (74), were obtained from the Tuberculosis Animal Research and Gene Evaluation Taskforce (National Fig. 5 . Model of the OprA osmosensory pathway. Osmotic stress activates PknD phosphorylation of OprA, which stimulates the release of SigF from an inhibitory complex and enables the transcription of osmotically regulated genes, such as oprA and espA. This transcriptional response pathway mediates changes in Mtb metabolism and cell wall structure. The mechanism of SigF activation remains unknown. Unphosphorylated OprA forms a complex with the anti-anti-σ-factor paralog Rv2638 that dissociates on OprA phosphorylation (34) . Dissociation of this complex may stimulate an environmental phosphatase that dephosphorylates an anti-anti-σ-factor, facilitating the release of SigF from a cognate anti-σ-factor. SigF subsequently binds RNA polymerase, enabling transcription of genes required for the osmotic stress response. The anti-σ-factor can, in turn, phosphorylate the anti-anti-σ-factor to reinitiate the cycle of SigF inhibition. Alternatively, Rv2638 and OprA may form a noncanonical complex with SigF and other SigF-associated regulators that dissociates on OprA phosphorylation, allowing SigF to bind RNA polymerase.
Institutes of Health/National Institute of Allergy and Infectious Diseases contract no. N01 AI-30036).
Growth Conditions and Media. Mtb strain CDC1551 and its derivatives were grown in Middlebrook 7H9 or Sauton's medium or on Middlebrook 7H11 solid agar with the appropriate antibiotics. Detailed media formulations can be found in SI Materials and Methods. Unless otherwise indicated, cultures were grown in roller bottles or aerated shaker flasks at 37°C.
Sample Preparation for Microarray and Western Blot Analysis. Mtb cultures prepared from frozen glycerol stocks were grown to midlog phase in 7H9 medium, washed, passaged one time in Sauton's medium, and then grown for 2 d to early log phase. For microarray analysis, a single culture was split into two equal parts: one part was immediately harvested and frozen on dry ice, and the second part was treated with a small volume of concentrated NaCl in Sauton's medium (140 mM final concentration for an increase in osmolarity of ∼280 mOsm/L). This culture was incubated for 1 h at 37°C before harvesting and freezing the cells exactly as previously described. For Western blot analysis, cultures were treated with osmolyte (140 mM NaCl, 140 mM KCl, or 280 mM sucrose for an increase in osmolarity of ∼280 mOsm/L) for 3 h, harvested by centrifugation, and lysed as previously described (40) . Culture supernatants were sterilized two times by filtration, concentrated, and stored at −20°C. Total protein concentrations were determined by Bradford assay (Bio-Rad) and normalized before SDS/PAGE.
RNA Extraction and Microarray Analysis. RNA extraction and microarray analysis were performed as previously described (75) . Whole-genome Mtb arrays were provided by the Pathogen Functional Genomics Resource Center (National Institute of Allergy and Infectious Diseases contract no. N01 AI-15447). Arrays were scanned with a GenePix 4000B scanner and analyzed using GenePix 6.0 and Acuity 4.1 software. Lowess-normalized data from four biological replicates were analyzed using the Significance Analysis of Microarrays (SAM) program (36) . Genes with a mean log 2 fold change of at least one with a false discovery rate value (i.e., q value) of <0.06% were deemed significant.
Antibodies. Primary antibodies against ESAT-6, GroEL, and the DDDDK tag were from Abcam. The EspA antibody (rabbit polyclonal serum) was a gift from S. Fortune at Harvard University, Cambridge, MA. HRP-conjugated secondary antibodies were detected using chemiluminescent reagents (Pierce). Antibody details are provided in SI Materials and Methods.
GFP Reporter Assays. Mtb strain CDC1551 transformed with pRv0516c-gfp was grown to midlog phase in 7H9 medium, washed, passaged one time in Sauton's medium, and then grown for 2 d to early log phase. Aliquots of this culture (10 mL each) were then transferred to 50-mL conical tubes and treated with a small volume of concentrated NaCl, KCl, or sucrose in Sauton's medium to a final concentration of 140 mM (NaCl or KCl) or 280 mM (sucrose) for an increase in osmolarity of ∼280 mOsm/L. After 2 d at 37°C with shaking, the total fluorescence of fixed cells from triplicate cultures was measured and normalized by cell density.
In Vitro Growth Studies. Bacteria were inoculated in 7H9 medium (OD 600 of 0.05) in aerated shaker flasks. At midlog phase, cultures were treated with a small volume of concentrated NaCl in 7H9 medium (0.5 M final concentration for an increase in osmolarity of ∼1 Osm/L) for 3 d. A second set of cultures was similarly prepared but grown in the absence of NaCl.
Cell Wall Stress Resistance Assays. MICs were determined using the broth microdilution method essentially as previously described (76) . To evaluate vancomycin resistance, bacteria were grown for 3 d in 7H9 medium with 1.5 μg/mL vancomycin and plated on 7H11 agar plates for the enumeration of cfus.
TEM Analysis. Mtb cells were prepared by formaldehyde fixation (77) and analyzed by TEM as previously described (78, 79) . Measurements were taken with Maxim DL software.
Structural Modeling. The protein structure of Rv0516c was modeled using the freely available PHYRE Protein Fold Recognition server (www.sbg.bio.ic.ac. uk/∼phyre/) (47) . The estimated precision value of the SpoIIAA protein from B. subtilis (Protein Data Bank ID code 1AUZ) was 100%. MacPyMOL was used to align the Rv0516c model with the structure of SpoIIAA.
PknD Inhibition Assays. Bacteria grown in Sauton's medium were treated with 60 μM SP600125 (InSolution JNK Inhibitor II; EMD Chemicals), a JNK inhibitor that has been previously shown to specifically inhibit phosphorylation by the STPK PknD for at least 8 h at this concentration (34) . After 2 h at 37°C, cells were treated with a small volume of concentrated NaCl in Sauton's medium (140 mM final concentration for an increase in osmolarity of ∼280 mOsm/L) for an additional 3 h. Cell lysates and culture supernatants were prepared as previously described.
Detailed protein preparation, assay, and TEM procedures are described in SI Materials and Methods.
